I.INTRODUCTION
Photogrammetric techniques have been used in the mapping and measurement of the human body, such as human limbs and facial area for a number of fields including medicine, exercise science, forensic study, physiotherapy and footwear and garment manufacturing (e.g. [3] , [1] , [5] ). Reference [3] developed a four camera imaging system for human spine measurement. The system was used in a clinical setting where diurnal changes in spine length and contour of a cohort of 30 university students were measured using a high-precision photogrammetric technique. Spine anthropometric marks were highlighted with black-ink to give high-contrast targets. The achieved slope (3D) distance measurement accuracy of the imaging system was 0.450 mm. Reference [1] used a six-camera imaging system to capture the shape of human foot for the application of shoe design. Various texture patterns were projected on to the foot to enhance the skin-surface texture. The accuracy of the captured 3D data of the foot was between 0.5 and 3 mm depending on the projected texture used. Reference [5] developed a 12 video camera system for 3D measurement of the foot during walking. The authors desired to capture cross-sections of the foot to determine changes in the shape while walking. Cross-section lines were drawn on the foot using dark-red colour ink before images were taken. The results found that a measurement accuracy of under 0.5 mm could be achieved.
Montrose Access, an independent not-profit organization which provides support services to patients with physical disabilities and their families to assist these patients in achieving their maximum individual potential for participation in the community, was recently interested in the lower limb 3D modelling of CMT patients [2] . The two techniques are currently available for 3D spatial data capture of the human body shape: namely, 1) photogrammetry; and 2) laser scanning. Photogrammetry utilises images of an object to determine its geometrical shape. (Fig. 1: left) . Normally, a stereo-pair of images is essential to satisfy the photogrammetric algorithms such as the collinearity condition, coplanarity condition or epipolar geometry [6] . The detail of these algorithms can be found in numerous published works. By and large, multi-stereo-pairs are used to improve the geometry of the images such as the two stereo-pairs shown in Figure 1 . Techniques such as adaptive least squares stereo matching are then used to produce a dense array of correspondences which are transformed through a camera model to produce a dense array of x, y, z data known as a point cloud. From the point cloud a 3D surface model can be generated.
With respect to laser scanning, the type of laser scanning technique used for close-up surface modelling is generally known as triangulation 3D laser scanning. This method uses an active scanner which projects laser dots onto the object. A camera is used to determine the location of the laser dot at the instant of striking the object's surface. Depending on how far away the laser strikes a surface, the laser dot appears at different places in the camera's field of view. The laser emitter, the laser dot, and the camera form a triangle. The distance between the camera and the laser emitter is known; the angle of the laser emitter corner is also known; and the angle of the camera corner can be determined by identifying the location of the laser dot in the camera's field of view. These three pieces of information determine the shape and size of the triangle and provides the location of the laser dot on the object at each instant. In some scanners a laser stripe, instead of a single laser dot is swept across the object to accelerate the acquisition process ( Fig. 1: right) .
Laser scanning is not considered suitable for the particular study of CMT patients as movement of the patient can affect the quality of the data captured and hence, photogrammetric techniques are more suitable for situations in which movement/motion is suspected as all the required images can be captured simultaneously. In this investigation, the Dense Surface Modelling (DSM) technique is used to determine a set of dense point clouds which forms the 3D surface model of the human limb. The drawback of DSM is that the surface texture of the object photographed must be suitable for its use. Smooth surfaces such as metal, glass and plastic have the worst surface texture while multi-colour matt or gritty surfaces are at the high end of good quality texture when creating a DSM. Numerous investigations have been carried out to determine the most appropriate technique to enhance the skin texture for DSM. In the past, random pattern or spackle (usually black/white) projection onto the skin was proposed by [7] and [4] . The achieved accuracy of the 3D point cloud using a random pattern for craniofacial mapping was 0.3 mm in the sagittal direction and 0.2 mm in the lateral direction. However, there are drawbacks for this type of techniques as detailed later in the paper. Consequently, an investigation was carried out to determine a low-cost, easy to apply body-paint technique to enhancement skin texture for DSM of the human lower limb. 
II. OPTICAL IMAGING SYSTEM CALIBRATION
Normally, only high quality metric video and still-frame cameras are used in photogrammetric applications. In general, these optical imaging systems must be calibrated to obtain the lens parameters such as the principle distance (PD) or calibrated focal length, the lens distortion parameters and the lens decentring parameters which are required for subsequent imaging processing in order to eliminate systematic errors from the processed 3D data. The concepts of camera lens calibration can be found in a number of textbooks and journal articles (e.g. [8] , [6] ). Alternatively, a self-calibration technique can be used because it does not require a set of known high-accuracy object-space coordinates of the signalized-targets photographed [8] . This type of calibration involves the determination of the principal distance (PD) or calibrated focal length; the principal point offset (X p Y p ), radial lens distortion parameters (K 1 , K 2 , and K 3 ), the decentring parameters (P 1 and P 2 ), and in some instances the dynamic fluctuation (affinity and shear or C 1 and C 2 ). In this research, the radial lens distortion parameter K 3 , the decentring parameters and the dynamic fluctuation parameters were not computed as the contribution of these parameters in the overall error budget was insignificantly small. In generally, the following equations are used in photogrammetry self-calibration bundle adjustment (equation 1 and 2; [8] 
III. SURFACE TEXTURE ENHANCEMENT
Existing techniques require the use of an electronic projector to project a pattern onto the skin of patients during optical imaging. As discussed earlier, a black and white random pattern developed by [4] was considered suitable for human facial area (Figure 2: left) . This random pattern provides a suitable texture for automated image processing system such as Photomodeler (Eos Systems Inc., Canada). Speckle texture projection was suggested by [7] for human whole body mapping ( Figure  2 : right). Many colours can be used in the production of the speckle patterns. The authors highlighted the excessive cost of purchasing projectors for human body mapping. Nevertheless, the use of projected texture is not suitable for our type of application. Firstly, there is the cost of purchasing four or more digital projectors and a computer; secondly, a skilful operator is needed to run the projectors; and thirdly, it is difficult to set up the projectors for the limb and foot imaging simultaneously [7] .
For the CMT application, cost is a major issue for a not-for-profit organisation and therefore a simple cost effective process was required [7] . Secondly, the imaging system is developed for health-care practitioners to capture the images of their patients independently. Photomodeler software has a skin texture enhancement component which can be used to change the contrast of captured images before they are processed using the DSM technique. However, preliminary tests show that a large number of large data gaps may occur in the computed 3D models when the number of sensor is limited to a stereo-pair configuration. The length of the human lower limb requires up to nine stereo-pair of sensors or 18 cameras to adequately cover the whole surface; however a 3-sensor configuration was considered the best configuration for the purpose of this study. Therefore, a simple texture enhancement method was developed for this application. Consequently, body-paint was investigated to determine their suitability for the purpose. 
IV. EQUIPMENT AND SOFTWARE
The imaging hardware consisted of six compact optical cameras. A purpose-built human body imaging system was used in the tests (Figure 3) . The system consisted of a rectangular aluminium frame structure which had a dimension of 800 mm in the height, 600 mm in the length and 500 mm in the width. The structure was marked with signalised (retro) targets which provided a network of photogrammetric control for connecting 3D models into a single 3D model. To use the structure for controlled imaging, the limb was placed inside the cavity and images of the structure and the limb were captured simultaneously. Human limbs were used in the tests. Water-based body paint was used as the texture enhancing materials. Various types of signalised targets were tested for automated relative-orientation of images (Fig. 3: right) . The dots were photogrammetric retro targets while the strips were coded targets provided by Photomodeler developer. Photomodeler (PM) camera calibration module was used to calibrate the imaging sensors and to produce a set of point clouds for 3D surface modelling using the DSM technique. Virtual-Dud freeware was used to convert video-clips into single-frame images while AVS4U software was used to convert video files of various formats. By and large, only High Definition (HD) video clips were recorded by the imaging sensors. Thus, the image pixel count of 1920x1080 was optimal for this type of application.
V. METHODS

A. Imaging Sensor Calibration
The sensor and the calibration target board were set up as shown in Figure 4 . Eight convergent (four vertical and four rotated at 90° to the left) images of the board were captured by each imaging sensor and the images were processed using Photomodeler camera calibration software module to obtain the required lens parameters. These parameters were used in the subsequent processing of images captured for the tests using the DSM technique. Only the wide-angle focus settings of the imaging sensors were applied in the calibration.
B. Capturing Images of the Test Objects
Two groups of body-paint colour were selected for the testing: 1) Light colour such as light green and light blue; and 2) dark red and dark brown. Firstly, the colour body-paints were mixed thoroughly before applying on the human limb and then multi-stereo-pair of images were captured of the test objects. For the stereo-pair of images the optical axes of the sensors were kept approximately parallel with each other and the overlap between the left and right images was set approximately between 55 and 60%. Slight differences in object-distance and viewing angles were introduced between the stereo-pairs. These settings provided good geometry for the image-light-rays intersection, thus producing high-quality point clouds. For example, the first stereo-pair was captured at an object distance of 750 mm while the second stereo-pair was at an object distance of 850 mm.
C. Photomodeler Processing
A project was set up in the Photomodeler and the required calibrated sensors were selected from the camera calibration project. Images were uploaded and relatively orientated. Various DSM parameters such as sampling rate, depth-range, texture type and match-region radius were specified and point cloud (3D surface) generated for each sample. Texture type 1, a texture recommended for fair-coloured human skin, was used to enhance the skin's texture of the unpainted area. The selection of the texture type was based on the fact that the skin surface does not provide good surface matches between images due to skin's transparency. Reducing the texture type to 1 provides a more dense point cloud for globally random textures. Samples were then processed based on the specified image configuration, namely: two (a stereo-pair), three (a stereo-pair plus a convergent) and four (two stereo-pairs).
VI. EXPERIMENTAL RESULTS AND ANALYSIS
A. Sensor Calibration
The four video imaging sensors were calibrated in the lab and the average of four independent sets of the computed parameters are provided in Table I. The table  shows the manufacturer stated focal length in brackets and the calibrated principal distance (PD). Canon HFS 11
gives the largest variation between the two set of value while Sony SR10 has the least variation. As a result, the stability of the PD between lab calibration and patient imaging sessions may be an issue that requires further testing. Also, in the table the presented values for parameter K 2 were very small and their contribution to the computed 3D surface error was estimated as less than 0.05 mm. Thus, the radial lens distortion parameter K 3 , the decentring distortion parameters and the dynamics fluctuation parameters (Eq. 1 and 2) were dropped from the calibration. 
B. 3D Surface of the Lower Limb
3D surfaces generated from the various body paint colour are shown in figures 5 and 6. PM texture type 1 was used as the bench mark for the colour-texture study. The quality of DSM modelling was based on the size of the data gaps, the number and dispersion of gaps, and the approximate number of incorrect points appearing outside the mapped area. Figure 5 shows the 3D surface generated on a dark-blue background using texture enhancement techniques: 1) red colour body-paint texture; and 2) Photomodeler (PM) texture type 1. Figure 5 (left) and (right) show the generated 3D surface using three and four images respectively. The size and number of gaps for the images enhanced by PM texture type 1 decreased as the number of images used increases. There were no gaps in the colour sample for both 3-image and 4-image configurations. Figure 6 shows the 3D surface generated using texture enhancement techniques: 1) light-blue colour body-paint texture; and 2) PM texture type 1. The dark-blue colour shows the background and the gaps of the 3D surface. There were a small number of gaps in the three-image sample and none in the four-image sample. In the three-image sample, there were patches of skin-colour surface however these patches have good quality 3D point data. The 3D surface produced from the PM texture 1 has slightly fewer gaps in the four-image sample. Table II shows the percentage of data gaps relative to the number of images used and the texture/colour type. In the Texture type 1 column the value represents the percentage of gaps exhibited by the PM texture type 1 in the blue and red colour tests.
The results show that red colour texture gave the least amount of gaps. By and Large, a percentage of 1% is considered adequate for accurate 3D surface modelling. 
C. 3D Surface Modelling Accuracy
͵ Ǧ ͷ ͲǤͲͳͷ Ǥ ͵ ͲǤʹͷͲǡ ͵ Ǥ
VII. CONCLUSION
The paper discussed a research to develop a suitable skin-surface texture enhancing technique for the generation of 3D surfaces using DSM algorithms for CMT application where the number of imaging sensor for real-time mapping is limited due the high cost of acquiring high-quality imaging sensors.
The sensor calibration results show that the radial lens distortion parameter K 3 , the decentring distortion parameters and the dynamics fluctuation parameters were not essential in the calibration. However, the stability of the PD between lab calibration and patient imaging session may require further research. Scale-bar measurement shows that precision of the generated 3D surface model was 0.250 mm.
Photomodeler software was used to obtain the DSM of the human limbs for two selected body-paint colour. The quality of the point cloud generated by each mixture was compared by examining the number of data gaps in the generated 3D surface. The results showed that dark-red colour mixture gave the best quality point cloud for human-skin. As human skin may have different colour tones, this technique can provide a uniform accuracy for 3D surface capture of human body.
Regarding further research, the use of the developed technique for CMT of the leg and foot will be evaluated and the 3D surface model will be used to determine their suitability for the construction of assistive devices.
